To study the effect of household machine laundering on hydroentangled cotton nonwoven developmental fabrics, several sets of such fabrics, uniformly made with cottons of different fiber quality characteristics, were sequentially laundered repeatedly for their performance evaluation after one washing and drying cycle (1 W), 5 W, 10 W, and 20 W, using a standard AATCC method for washing. The control greige fabrics (i.e., before any wash) and their respective versions after the 1 W, 5 W, 10 W and 20 W were examined for their physical and mechanical properties. The laundering results showed that the fabrics, even after 20 wash cycles, had held up unexpectedly well. Nonwovens generally are not considered wash-durable, and more than a third of nonwovens today are used in durable applications that necessarily do not require laundering since most nonwovens inherently are considered "disposable" after one end-use application. At any rate, all the researched fabrics, irrespective of their fiber quality origin, showed a significant drop in tensile strength, mainly after the first wash. The drop was more severe in the machine direction (MD) than in the cross direction (CD).
To primarily investigate the cause of the declined fabric tensile strength due to washing, SEM images of the fabrics before and after the washing(s) were studied for any structural deformation. The SEM images clearly showed that the fabrics before the wash had symmetrical, almost uniformly spaced clusters of well-defined fiber entanglements (corresponding to the geometric locations of the orifices in the water jet-strip). After the first wash, those entanglements somewhat appeared to have been considerably "loosened," disintegrated, and even lost. It seemed that the washing affected the fabric structure mostly in the (hydroentangling) MD. A possible reason for this phenomenon could be the fact that the cotton card used in preparing the native batt for hydroentanglement had aligned and stressed the fibers mostly in the machine direction. The subsequent crosslapping operation to some extent had been altered (randomized), and the fiber orientation in its web output was subjected to the hydroentangling, water jet forces that also stressed the fibers mostly in the MD. Upon washing the hydroentangled fabric in water, the stressed fibers, as expected, somewhat relaxed by releasing some of the stored mechanical energy that originally had held the fibrous structure together by creating strong interfiber cohesion or frictional or mechanical bonds. In other words, the washing basically loosened or broke up some of the "mechanical entanglements" and, consequently, their (MD) frictional bonds that had been created by the forceful water jets of the fabric formation process. Research has been planned to stabilize these mechanical bonds by means of special finishing, such as blending cotton with fusible/bonding fibers, resin finishing, and/or even layered fabric-film reinforced composites.
MATERIALS AND METHODS
Seven bales (cotton ID's # 1-7) of virgin raw cotton of different quality characteristics were acquired from the national registry. The cotton from each bale was mechanically cleaned at Wildwood Gin in Greenwood, Mississippi, using a proprietary reginning/lint-cleaning technology that used no water, chemical or heat [1] . The so-called pre-cleaned (bleach-less) greige cotton of each bale was separately re-baled into a standard 480-lb (net) bale. The quality parameters of each bale of the precleaned cotton (commercially marketed under the UltraClean ® Cotton brand) were measured, using the standard HVI and AFIS systems for fiber quality measurements [2, 3] . About 50 pounds of fiber from each pre-cleaned cotton bale was weighed and conditioned for separate conversions into hydroentangled nonwoven fabrics, using the uniform processing procedures and conditions described below: http://www.jeffjournal.org Volume 7, Issue 3 -2012 The pre-cleaned fiber from each bale was processed through a conventional cotton preparatory line of equipment comprised of a hopper, a step cleaner, and a fine opener. The opened fiber was chute fed to a cotton card delivering a continuous web. The carded web, 1 meter wide and ~ 10 g/m 2 in density, was continuously conveyed to a cross-lapper that lapped the carded web 20 times. The crosslapped material was conveyed to a pre-needling machine to lightly needlepunch the material into a nominal 70 g/m 2 inprocess substrate [4, 5] . The substrate was rolled onto a cardboard tube, producing 3 rolls from each cotton quality version. Each roll contained 50 yards of material for the downstream hydroentangling process that involved a commercial-grade system [6] at the Center.
Each roll of material was hydroentangled, using a low water pressure of 50 bar to completely wet-out the web to remove trapped air. A high water pressure of 135 bar at each of the following two fabric forming jet heads hydroentangled the wetted-out fibrous web. The line production speed was 5 meters per minute. The hydroentangled fabric was dried in an online gasfired hot-air drum drier and wound onto a paper tube to build fabric rolls, Figure 1 . As in the case of the fiber testing protocol, the fabrics produced from all the seven bales were also uniformly tested with the applicable ASTM and/or AATCC standard test methods and procedures. The test results were statistically evaluated to determine and ensure reliability of the representative data on the fabrics' typical physical and mechanical properties. The fabric properties tested were weight, thickness/bulk, drop absorbency, tearing and tensile-breaking strengths and elongations [7, 8] , dimensional changes (stability), visual and electronic (SEM) surface appearances ( Figure 2) , and optical sectional side view of the fabric's structural configuration and integrity.
Each of the seven developmental fabrics thus produced was cut into 4 specimen sets (22"x 22") for sequential 1 wash, 5 washes, 10 washes, and 20 washes, respectively (a dry cycle after every wash). The laundering on all the fabric specimens was uniformly performed, according to AATCC Test Method 135-2004 [9] (specific parameters -type 1 wash load ballast; 1800 +/-100 grams wash load weight; machine wash -normal/ cotton sturdy cycle -water temperature: warm (49 +/-3°C) cold rinse; 66 +/-1 grams AATCC Std. Ref. detergent; tumble dry perma-press setting: 45 -60 minutes @ 65 +/-5°C). The laundered fabric samples obtained were tested for their properties similar to those of their unwashed counterparts above. To investigate the hydroentangled fabric's progressive structural integrity (configuration) before and after washing, one of the seven fabric sets was randomly selected (from the pre-and post-washed samples) for an optical study of the fabric's side sections before and after 1W and 10W cycles. In this study, a piece of fabric from the pre-washed and post-washed versions of a particular set (#4) was embedded in lowviscosity epoxy resin, and a side section of the fabric piece was obtained using a microtome (Boeckeler Instruments, Inc.). The image of the section, Figure  3 , was recorded using an optical microscope (SZH10, Olympus Optical Co., Ltd) equipped with a digital camera (DXM1200, Nikon).
The appearance of all the fabric samples before and after the washing(s) was subjectively rated according to an in-house developed standard, Figure 4 , for cotton-based nonwovens only. To the best of our knowledge, there is no universally accepted standard for these fabrics and substrates, which are entirely different in structure and appearance compared to the traditional woven and/or knitted fabrics made with yarns [10] . The scale of the in-house developed standard was 1 -5, with the rating of 5 being the best, Figure 4 . Table I shows the measured properties of the seven pre-cleaned greige cottons used in the development of hydroentangled greige cotton (lint)-based nonwoven fabrics. As seen, the selected cottons, as intended for the sake of diversity, differ from each other in their fiber length, length uniformity, and micronaire (fineness), which, along with fiber strength (not given), generally dictate classical cotton quality. However, it is important to note here that this particular manuscript is devoted to mainly present the effect of laundering on hydroentangled nonwoven fabrics that intentionally were made with a rather wide spectrum of greige (raw) cotton lint(s). In other words, the effect, if any, of the individual (fiber) properties or characteristics of the cottons used was not the underlying theme or subject of this study. This study has been mainly devoted to broadly determine the ultimate (cumulative) effect of the hydroentanglement process used in forming the fabrics, the overall average quality of cotton used, and the laundering process used on the so-called "wash-durability" of the nonwoven fabrics produced. How, and to what extent, the differences in fiber properties affect the overall cotton quality and impact the laundering results are not within the scope of this manuscript and hence not discussed here. Table II shows the typical physical and mechanical characteristics of the fabrics before and after the washing(s). For the readers' convenience, the various fabric properties, except the weight, have been highlighted in different colors. Since all the greige fabrics in themselves were found absorbent, there obviously was no need to determine absorbency of the washed fabrics. However, as seen in Table II , each of the seven fabrics significantly lost their MD tensile strength after the first laundering. Examining the SEM images, Figure 2 , of the #4 fabric, it is seen that the (aqueous) washing has resulted in considerable loosening of the control (unwashed) fabric's original fiber entanglements. In fact, a glance at Figure 3 also shows occurrence of the same phenomenal change in the fabric structure (thickness) before and after the first washing. The increased fabric thickness/bulk after the first wash, Figure 3 , is a clear proof of "detangling" of the original fiber "entanglements" created by hydro energy of the hydroentanglement system. Most of the strength loss, due to the fabric's structural damage, occurred after the first wash, as seen in Table II . The fabric's (fluffy) expansion in thickness ( Figure 3 ) and the consequent loss of MD strength (Table II) seemed to reach a plateau after the first wash. Although, the repeated washings that followed continued to show progressive structural damage and strength loss to a relatively lesser extent. Analysis of the fabric weight loss (adjusted for any fabric dimensional changes) for up to 15 washes shows the loss to be minimal and perhaps insignificant. However, the weight loss appears to be somewhat significant after 20 washes, presumably due to significant disentanglement of the fabric structure. In fact, after the 20 wash cycles, all the fabrics showed some sign of propagation of fiber fracture, splitting or rupture that presumably had originated (by the force of high water pressure jets) during the fabric production process itself.
RESULTS AND DISCUSSION
At any rate, an interesting observation from the data in Table II is that the overall tensile strength of the fabrics in the cross direction (CD), compared to that in the machine direction (MD), is much less dependent on washing. In fact, some fabrics upon continued washing even displayed some moderate gain in the CD tensile strength. The only possible explanation for the significant differences observed between the MD and CD tensile strengths and breaking elongations is that the fiber process used in preparing the native batt and the hydroentanglement system deployed in producing the fabric had stressed the constituent fibers mostly in the machine direction. Therefore, upon washing the fabric, the mechanical http://www.jeffjournal.org Volume 7, Issue 3 -2012 entanglements of the originally stressed fibers relaxed as would be expected, thereby loosening (breaking up) some of the "mechanical entanglements and their corresponding frictional bonds" formed by the high water pressure jets. It seems that the 'hydroentanglements,' created by the high-pressure water jets may be 'de-tangled' to an extent (depending on pertinent factors) by any subsequent relaxation of the constituent stressed fibrous aggregates, entanglements or mechanical bonds.
The increases in the breaking elongations of the fabrics after the first wash also seem to support the above interpretations. At any rate, however, future research is planned to pursue stabilization of these mechanical bonds by other means of special finishing, such as blending cotton with fusible/bonding fibers, resin finishing, light http://www.jeffjournal.org Volume 7, Issue 3 -2012 needlepunching or sewing, and/or possibly even reinforcing the fabric with a layered film of another polymer. Table III shows the dimensional changes (shrinkage) and (subjective) appearance rating of the various fabrics after the multiple washings. Although the shrinkage values are relatively less objectionable compared to those generally acceptable for classical woven fabrics, it seems to be an inherent characteristic of cotton-based nonwovens. Further research may be needed to attain superior dimensional stability of certain cotton-based nonwovens for wash-durable end-use applications. Incidentally, Figure 5 conveniently shows the overall averaged effects of multiple launderings on the fabric thickness and tensile properties trends. Note: The rating system is explained in Figure 4 . A rating of 5 is the best overall appearance and a rating of 1 is unacceptable. 
CONCLUSION
In conclusion, our public-supported research has shown that mechanically pre-cleaned (greige) cotton of even moderate quality can be efficiently used (without the traditional mill cleaning, since the traditional cleaning used in this study did not change the fiber cleanliness and, hence, was unnecessary) to produce certain nonwoven fabrics that are nominally durable for up to 15 household machine washing and drying cycles. These fabrics display satisfactory mechanical properties for certain nonwoven end-use applications that may require limited washablity. For strong durable and washable applications, these greige (non-bleached) cotton fabrics will need some sort of fiber blending and/or special finishing to retain the fabrics' original, pre-wash structure and integrity after repeated washing and drying cycles.
